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ABSTRACT
A new type of radiation-sensitive mutant of S. cerevisiae is described. The recessive radH mutation
sensitizes to the lethal effect of UV radiations haploids in the GI but not in the G2 mitotic phase.
Homozygous diploids are as sensitive as GI haploids. The UV-induced mutagenesis is depressed,
while the induction of gene conversion is increased. The mutation is believed to channel the repair
of lesions engaged in the mutagenic pathway into a recombination process, successful if the events
involve sister-chromatids but lethal if they involve homologous chromosomes. The sequence of the
RADH gene reveals that it may code for a DNA helicase, with a Mr of 134 kDa. All the consensus
domains of known DNA helicases are present. Besides these consensus regions, strong homologies
with the Rep and UvrD helicases of E. coli were found. The RadH putative helicase appears to
belong to the set of proteins involved in the error-prone repair mechanism, at least for UV-induced
lesions, and could act in coordination with the Rev3 error-prone DNA polymerase.

INTRODUCTION
The different DNA repair mechanisms are mediated by proteins that act in a coordinated
way and often as enzymatic complexes. For instance, the first steps in the error-free repair
of ultraviolet-induced lesions involve in Escherichia coli the UvrA, B, C and D gene products
(1) and in Saccharomyces cerevisiae the RADI, 2, 3, 4 and 10 gene products (2). UvrD
(3) and RAD3 (4) encode DNA helicases. In the corresponding mutants, the excision of
lesions is impaired but the mutational and recombinational mechanisms themselves seem
unaffected. This suggests the existence of other helicases involved in these repair processes
and indeed, for E. coli, one of the recombination pathways involves the RecBCD enzyme
complex which was shown to possess, besides the exoV nuclease activity (5) an helicase
activity (6).
Here we describe a yeast gene that encodes a putative DNA helicase involved in mutagenic

repair, at least for UV-induced lesions. The gene was cloned by complementation of a
new type of radiation-sensitive mutant, called radH, originally isolated as a suppressor
of the high radiation sensitivity of radl8-deleted mutants, RAD18 gene being involved
in the error-prone repair. The isolation and characteristics of the radH-radl8 double mutant
cells will be described elsewhere. When the radH mutation was transferred into a
RAD 18 + context, it was found to be recessive, and to confer a radiation-sensitive
phenotype. We report now the properties of the radH mutant leading to the conclusion
that the mutation affects the error-prone repair of UV-induced lesions, and in a second
section, the sequence of the gene which codes for a putative DNA helicase.

©IRL Press

Nucleic Acids ResearchVolume 17 Number 18 1989

7211l



Nucleic Acids Research

MATERIALS AND METHODS
Yeast strains are listed in Table 1. E. coli strains were MC1066, HB101, TG1 and for
phage production JMIO. For yeast cells, complete (YEP) or minimal medium (MM)
supplemented with the desired elements (7) were used. For mutant selection, canavanine
(20 tsg/ml) was added to minimal medium. LB or M9 (8) were the media for bacteria.
The procedures used for genetic constructions and analysis, transformation, plasmid

preparations, subclonings and gel electrophoresis were the standard ones (7,8,9).
For sequencing, DNA fragments obtained from the YRP7-S plasmid (Figure 2) were

cloned into PTZ18R and PITZ19R plasmids. Overlapping deletions were obtained by
DNasel treatment (10). The dideoxy sequencing technique was used (11).
For UV (260 nm) and gamma-ray (6OCo) irradiations, the cells were suspended in 0.9%

NaCl except for UV mutagenesis experiments for which irradiation was applied on the
plated cells. Dosimetry was determined by a Latarjet UV dosimeter, and, for gamma-
rays, by ferrous sulfate solutions. All the experiments were repeated several times.

RESULTS
UV and gamma-ray responses of the radH mutant.
UV response ofthe radH haploids. The radH haploids are UV sensitive, but only if irradiated
in the GI mitotic phase. In Figure 1, panel A, the survival curves of logarithmic and
stationary phase cells are shown. Estimates of the proportion of G2 cells in each population,
based on microscopical observation of the cell morphology (12) are 30% and 5%
respectively and correspond roughly to the proportion of resistant cells deduced by
extrapolation from the survival curves. That this G2 repair is due to recombinational repair
is indicated by the effect of the rad5O mutation coupled with the radH mutation: it abolishes
the G2 repair (Figure 1, panel B). The rad5O mutation prevents, after X-rays, recombin-
ational repair, notably between sister-chromatids (13).
The induced mutagenesis is severely depressed by the radH mutation. This was found

with different mutational systems. In Figure 1, panel C, is shown the induction of forward

Table 1. Yeast strains

Strain Genotype

C6378 Mata leu2 trpl ura3 adeS can]
FF1866 Mata leu2 trp] ura3 adeS can] rad]8::LEU2
FF1889 Mata leu2 trp] ura3 adeS can] radl8::LEU2 radH
FF18244 Mata leu2 trpl ura3 adeS can] radH
FF 1848 MatalMates 2X(leu2 trp] ura3 adeS can])
FF18341 MatalMatar radH/radH 2X(leu2 trp] ura3 adeS can])
FF18404 MatalMatc RADHIradH 2X(leu2 trp] ura3 adeS can])
ZZ2 Mata leu2 trp] ura3 adeS radSO-1
ZZ14 Mata leu2 trp] ura3 adeS his7 radSO-1 radH
FF18266 Matae leu2 ura3 his7-1 lys2-1
FF18330 Mata leu2 trp] his7-1 radH
FF18700 MatalMatae his7-llhis7-2 RADHIradH
FF 18701 MatalMatoa hisl7-lhis7-2

The strain C6378 was given by G. Simchen. The first seven strains constitute an isogenic series constructed
by classical methods including mating-type switch induced by a HO-containing plasmid and genomic deletion
of RAD18. Only the relevant genotype is indicated for the last two strains. The leu2, trp] and ura3 mutations
are leu2-3,112, trpl-289 and ura3-52.
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mutations in the arginine permease gene (CAN) that render the cells canavanine resistant.
UV responses ofdiploids. Figure 1, panel D, illustrates the fact that radH is a recessive
mutation: the heterozygous cells are as resistant as the RADH homozygotes. However,
the radH homozygous diploids are highly UV sensitive. The kinetics of inactivation by
low UV doses is close to that of GI radH haploids. At higher doses, an inflexion of the
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Figure 1: Radiobiological effect of the radH mutation. Panel A. UV survival of haploids. Circles, RADH (C6378);
triangles, radH (FF18244). Open symbols, logarithmic (log.) phase cells. Close symbols, stationary (stat.) phase
cells. Panel B. UV survival of the rad5O-radH double mutant. 0, rad5O (ZZ2); A, radH (FF18244); 0,
radSO-radH (ZZ14). The cells were in log.phase. Panel C. UV-induction of forward mutations. Right ordinate,
numbers of canavanine resistant mutant clones per 106 survivors. A, RADH (FF18266); 0, radH (FF18330).
Panel D. UV survival of diploids treated in log.phase. 0, RADH/RADH (FF1848); A, RADH/radH (FF18404);
V, radH/radH (FF18341). The radH (FF18244) survival * is shown for comparison. V, radH/radH (FF18341)
in stat. phase. Panel E. UV induction of gene conversion in diploids heteroallelic for HIS7. Right ordinate, numbers
of His+ colonies for 105 survivors. 0, RADHIradH (FF18700) ; A, radHIradH (FF18701). Panel F. Gamma-
ray survival of haploids and diploids treated in log.phase. A, RADH (C6378) ; A, radH (FF18244) ; 0,
RADH/radH (FF18404); 0, radH/radH (FF18341).
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Figure 2: Restriction map of the Sall-Sau3A insert that complement the radH mutation. B BglII; C: ClaCJ;
H: HindIIl; P PNuII; Ps: Pstl; R: EcoRV; S: SalI; Sa: Sau3A; Sc: Sad X: XbaI.

curve is observed and may correspond to G2 cells. In any case, G2 diploids are more
sensitive than G2 haploids.

Figure 1, panel E, shows that the UV-induction of gene convertants is higher in the
homozygous radH cells than in the heterozygotes. This contrasts with the depressed
induction of mutations seen in haploids.
Gamma-ray and methyl-methane sulfonate sensitivity. The results are shown in Figure 1,
panel F. The gamma-ray sensitivity of radH haploids is comparable to that of wild-type
cells. The characteristic resistance of G2 cells, due to recombinational repair of double-
strand breaks (14) is not affected by the radH mutation. Diploids homozygous for the
mutation are highly sensitive, and, as was the case after UV treatment, an inflexion that
may correspond to G2 cells is observed on the survival curve.
A similar qualitative response was obtained with the radiomimetic MMS chemical. On

YPD plates containing 0.012% of MMS, the radH homozygous diploids do not grow,
contrarily to the heterozygous diploid and to the RADH or radH haploids. This property
was used to clone the RADH gene by complementation.
Cloning of the RADH gene and its sequence
Cloning of the gene. The recessivity of the radH mutation and the high MMS sensitivity
of the radH homozygous diploids allowed us to clone the RADH gene by complementation.
RadH diploids (FF18341) were transformed with a centromeric YCp50
(ARS1-CEN4-URA3) bank (15). 1500 transformants were grown on master plates
containing uracil-less medium and replica-plated on MMS (0.012 %)-YPD medium. Four
resistant clones were found, in which the MMSR and the URA3 + phenotypes mitotically
cosegregated. The plasmids were extracted, amplified in E. coli and purified on CsCl
gradients. A restriction map indicated that they all had a common region. One of the
plasmids, called p14 was subcloned to delimit the complementing region. A restriction
map of the p14-S subclone fully complementing the mutation, is shown on Figure 2.
That this insert contains the RADH gene is supported by the following experiment

the Sall fragment was subcloned into the non-centromeric YRp7 plasmid (ARS1-TRPl)
(16). This YRp7-S plasmid was linearized by digestion with the Sacl enzyme, which
recognizes two sites inside the insert, in order to direct its integration into the homologous
chromosomal region. Stable TRP1+ transformants of the FF18-66 (trpl-RADH) strain
were obtained and crossed with radH-trpl cells. In 24 complete tetrads originating from
such diploids, the [radH] and [TRP]+ phenotypes always segregated from each other,
indicating that TRPI was integrated very close to the RADH locus. The proof that RADH
is on the insert was later obtained by chromosomal disruption of the gene (data not shown).
Nucleotide sequence of the RADH gene. The sequence of the first 4640 nucleotides of
the 6.6 kb Sau3A-SalI fragment, containing the RADH coding region and its 5' and 3'
flanking sequences is given in Figure 3. The Sau3A-ClaI fragment (Figure 2) was the
shortest found to fully complement radH diploids.
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927 -841
GATCTcAmTTcAAc TACACAGGC TAT CGAGATAGTGnAGCTACGGACCCAGCAGGCAG TAATCACACGGGATAGCATGA

*721
ACCACAACCAAAGCGACArsGTTAAAA GGC7CtTt CATTAATAAtACTAA TC *T TCGTCCCGCMECtCCCAt"CCTttTAGKCCTC TGCt CACsCTnAGCT'CTTCs*601
TGYT7GMGMCATGAGTCWACCYACTGWTCCCCTCTTGCTCCACTGTCGCCCATATTYCCCATATCCCAGCCGTTTGTTGGCAAACCTJTCATGMCTTGTCA TATATATKAG

-481
AATC"TAATAATAtsCAA-AAATGCMTCTATACTCAAATAGCATCTGCTtCtACATTACCA"TGCGGCTATTMrsAT UTTtS

-361
Ai I II rG TATUATAACAGTCTttAtTGUTCTCACtTAACTATATTACATUTACTTCACTTGTATACACAACCTGCTTCGTATTGATATACTATCTAATGTT

-241

"crcAcTeccAAGc AG.GACAcAt TcACCTC6CATCCTcGATACTATCYTAttcA tCCTTcGcAUGCAcTCroA7AAM mT -1Atti21
-1

CTCTAcAGTAAAGCTTCCTnsTCcCcCTcAcMCTTTCTCCATutAAncTACTCccTGmMGcTACAcnCCAmATTTAcmcTTCtACCGGTACTrNTAGCt A
*1 *120

S S N N 0L1 t N ltVS Q L H Q 0 A A A A L F 0 T T R C L Q V I A C P G t C
ATGTCGTCACATGATCMTCTTGCAITTACTATCCCAG ACTAC CCCTCCAITACACtAOC GCICCAOtCATYTCCC0 tCCCCVCACAGCG

.240
K t K V L T S 4 V A V L I L H N H I N P R 0 1 1 V T T f T N K A A N E N K E t LTAACTMAAC 7C^ACACMTrCGTTTATTACTTCTCCCGATATnTATcAciGnTGAcescX^^XCTACTTTACmaTAArAATGCYACT ccsm

+360
0 L A C A C V N I S I t L I C t f H S I C C K I L Y R F C H L V 0 L 0 K 0 V

+48.0
A I I 0 ( 0 E I 0 V I1 0 0 I E K V P 0 Q I R D Y A S S I T R K V N I C N P S
AGATAC ATAMGAAnC TACTGTCAUMTGTATATGATtCCAAATTCCCACCAAATAA CTTCnCCTCAACAAGWATAAAmTCTATCCCCAT

400
K N C 0 E V 7 I N * K L T Q E T 0 1 K A K I N A I L P E I Y I L D S N N 0 A A L
AAATGGTCCAAAtCC^Ct CATCCCAUCTGACTTCUCAGACAGTATCAAAG TAAATAAGAAACCTG AGGATCA^TTCTTArCATTCGATeCAGCrCCGCGCC

+720
C fYF 1QI 0 S E t S K K N t 1 0 F 0 0 L L N Y T f R L L T R V R V L S N I K
GCTTACTMtACCAAAtATACCMTAAAGTGCKAAGAATACCTTAGATMCATCACT TAnTTATTACACCTTTCGMCTGtCACT"TCCCtCTMATCCAATMAAA.840
H V L V 0 E f Q O 7 4 C I Ot O L N f L f A K G N N N L S R G N * I V G O P O TCCATCGTACITCACCMACAAC1AACTAACCGCATT&CTICGACTTOATCTTTCMTTGCTAAGGGATCATCAICTTTCGAGGOGATGACCATCGTCCTCtATCCTCAT*.fO

I Y A f A N A L A H N f L E( C R K C * I t Y S T I I L V I N Y R S S Q K I L
A6CATATAGCTTCAGAACGCCtTTlCtCCAACTTTCTAGATCCCAGAAATCTCCCATCGAGTACTCAACAtTCAtTAtTCT7TCAATTATCGTCATCACAAAAUC TA.1080
N t S E I L I T Q Q N K C R C N R A P E A A Q f O L O f P P V Y N N f PA Y f LAATACAACSAAMAATAACCAACAACAAGTCCG TAGPCTCCACTCCTCCCAAMACC7TTCCACCAMACATGAAMCCCC CTTAC8III

.1200
E A P S L V R E L L Y L K A L P N L f I F N O f A I L V R Q R R Q I K R I E S A
GAAGCACCTTCMAGTCGGAACTACTATAMAGCATGCCACCTAnCACATTTTATTGCTA TCCTAGA CMCCAA8ATCG0TCA.1320
L I E N R I P Y K I I R C H S f W 0 S K

E
7 A A N L N L L K L I f S P N t0 K H TA

1 L 6S L L Y P A A C L G t A T G E K I K A L 08 LA T 00 S C f CWI L K 0 1
ATTCrtCTTCACTMATATCCAGCAAGGCACCTTGGCCTtCTCCACCCCYGAGAAGTAAGACAnCCUfGACACGTTAGC TACCGATCTTCACTMC TCATTAMCACATA

*IS60
5 S K K I3 L 0 1 P T K 1R S V I A D f I S O I I CC 0 l I Q S T L L G C E S
AGtACTAAATAATCCTAGACATACCGACGAMGACtCGTTCTGT"CAGTC.AC T CATTTCAATGATAGACAT7GTCAAT TGT*GCTCCAGAGtAC^TAGGGGTCMTtA.1680
O L f O K L Y E L S C L K V A I E G T R N V R K K N S Q f E K S I P N L L N A I
GAMATTTGAttTAAGTATATGATATCAGGTCTGAAAGYACCSTACYTCTGGACAAGGTC AGAAAATATAGrTcaTGAAAATCGACCAAATec^e AmnAACGCAAAG.1800
H K N I t t C K N Y f L A L L S K S E S S O K E K N E A I K A A T D E A E P I E
C!ATAACMAATTGTMGAAAACTAMCCCCTGCTCTTCCMCCAGCAGATCTTCAGATAAGAAATGAArCCtATTAAACACAGtATG>AACCGMCCTAGAG*1920
8 K V I T P K E r L A N f f N S L S L N SO 0A E E E E S E S N K D A0 I K1 E
AACAATCATCACT^CCAAATACCTCCTTTTCT7CAATTCACYTCCCtCATTC^CTGATCCAGCCTGGOACCAGCGGACTCCAATAAAGATGCAMTAAAATCGTGAG.2040
K F Yf 1t I S T I 0G A K C t E W P V V F I P C C E E G I I P C V f N 0 0 K K
AAG;AATCCCMrTCAUCGAYATCTACAATCACGGTGCCAAACCTCTTCAC TGCCCCGTAGTTTtTArTCCCYGAYGCGCANACGGATAATTCCTGTGTGTTCAACGATGATAAGA*2160
D E S E E 0 E E -E 0 Q E N S K K 0 A S P K K I A V l S V E 0 S I 0 E E A N N f f
GACMCAGAGtCACGMAAGACAAGAATACtAAAATGCAAGCCCCAAMAAC TACAGTUTATCCCTCCAAA.AnCTATGA TAC^AITTCTMT.22800

CnCC&ACATSCGTCAAlTACCTC TTGTACCTATCAAAYACtCTAC TCTGGAAATGTCGATAGACCAAGATTGCAArCCCATTMnCATAC TACfATAAMtvCCATCTCC,2400
0 S F ( S T FSt09LI
AtAC TT^AMAt TACGSAATATAtCMAAATATACCGAA"TTGACAAAA.CCGCCTGCTCCtGATACTATTCTCCTTAM CTAUMA.1020

A TCATcnAAAATA0GAACGCAMA&AGT/0TTATGTCTATG0AT nCT(0CTAGAAATAAATTATCC TC0TCTTACTGAMCACATCA
A00 L ltL( 0T 8N P P Q (011(038 P3018080A A P 038A0(5
GCC CtTAC&AC'TCGAACCCTCTATArTCCCACGACTlATGAAAATCACrCCCACCAAATCATCMTTAC4TCCTAAAATACtCTfAAS.1760

CCAAAAAAA.001CCCTCCAACT0ACATCA0ICCATICTCCIA AAAC.6A.60GTGTATGCCCtCAATACGTTTCAACAACTMTCT CTO TTCCT

TMtCTlC;CT"GAA °ATAG CT$CTCA °A |ATACACCAC"TCATCAAC""CGTTlAACT1t 8A

0 L It CStC T R Kt K VtNtCTA NIlttATFtA Tt"A
ntCUA(tCTF I EAItCCTCtL N t

ASTMMlGACCATCACCTACCAWMACDM"OTACICOTAATATCATCOCAACCTACMCTTICMT CM1TCADM1 TCAMCTC CCCOCCG.3020

(T U.MCC TTMOOAMCTCAMTCMTC06GT0TTT *CTAGGCTGTACTMc00C1TCAOr.ATCTGCCA CTTCAACACAACTCACMTATCTA
yCCM.TMA8TCMATT1AAAACATACA00UMAA00AlMCA1AC(TTATrC11AAAATACGAAMAA0CCAC0AAAACTC0AAA11G000CT0AATMlGGndAA

Figure 3: Nucleotide sequence of the RADH gene. The numbering is in relation to the first nucleotide of the
ATG translation start codon, which is designated +1. The deduced aminoacid sequence of the RadH protein
is given above the nucleotide sequence in the one-letter code.
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Rep M------- - Rr - - - PGfW - V E- --- [VfJ--G P CL L A S RG R N K I H I 39
UvrD M---DVSY -IL D [Li DK GR E A V[ PRS N L - -- -- VIL AG A G S GKTrR IA M 47
RadH MSSNNDLW IH V S Q [N T- [ R AM --A LMLDM TR [ j a- v I AG P GT1GKT K V L T s R V A Y [ 53

la
Rep RGCGTQ A lNH AA VT -FFTNKAA R KG RVG T -GHKEQG LM I ------- S TLGIEDfIlIK R GY 95
UvrD SVFNCS [jY S I MA VT -FTNKA AI R NH RIG QI G TSQ-G- GIMW TFH GLA H R L l- R|A- 100
RadH LHHH RH[D I I- VT T FTNKAA N K E R -L E l-----[IAGMV NISELLI G TFH SIC[IfKWLY FG 111

Rep A A G M KAN F S L F-- D T ELALLRELTEGL[TE@ K VLLOQLIS T I S NWK N DL K TPSQAAASAIGE 158
UvrD - [ DM -ANItM P -IDIFQILIDI EDQL RL LKR-LI K MNLDRKQWP[MR MAMWMINMQK---------- 150
RadH - V D --- L -iiK WR II -- E3 IDV L IEKV---- p D IRD ASI [ I TRKVNLCMPSK 161

Rep R- -- -------------------- - - - ------- - --DRLlLNC GLLC A L-FACRV L DF DDLVI LL 188
UvrD --DE------------------- GLRPHHIKSYG PVEQT WQKVYQAYAED R AG - L DF LLLR 195
RadH NG jE UWTIHPKLTQETDIKAKINAI [J - 1! EEYILDSLJ HDMAA-r GYFLJ I QJS[Sj Sj 3 K-[R]T L OF DD L L MY 225

| II i-l III
Rep PTL LQ---- RNEEV N G WQN RYL T YELVK - VGSRA ------- F -mV 240
UvrD AHE LWLNKPHILQHY RE FT- I--- LVDE Q TN NI 0YAWJIR L - L---- Al-GDT--G K V MW! VG| 247
RadH TFR T--------- V RVLS KHV LVDE F Q D TN G I - WD[L MFLFA KGNHHLS0JG [ I VG 276

H- IV -
Rep D IDL0 SlY SGW G RPQ --L V LLSQDFP A L 1V- j K L EQ NYRS - T1GR[IA1KMAN LT] 290
UvrD IDIDID _GSIYO-GWIRGAQVE IQRFL --NDFP GA - --- [--IRILIEQINYRSIT SN-ILNARN LI| 297
RaH PIDMGQL|AtNK A -- EMR3PLYuz VEINYRS - (aK IL N TSELI 327Radii DpP Q SlIY I-AF A LANH --- Ij---EM-W R[K]CPI E~YSIIJIWE~J-WK~jTE~~ 2

Rep ANN P H VF EK-[f-- FSELGYGA E LK V LS---- A - N NE E H E-R TGGEL IAHFV-- [ KTQYK6[Y]A 345
UvrD ENNN -GFRLGK K -LWTD---GA DGEPISLYC-A-NELDET R-FV VN RI KTWQD--|N|GGALA E CA 351
RadH TQQKN G QN- [AP [ --RAQFDL I FP[VYMNFP AY -- L - E PSL R- EL LYLKALP [N LFTFN FR[F [ 385

Rep LYRGNHiSRVF EK LMQNRI PYKISGGTSFSRPEIKD L -AYLR VL TND DSA F I 402
UvrD ILYRSNAIQISRVL E AL LQA SIMPYI YG G M F FERO EIKDA- L SY L R LI AN RN D|DA AlF F 408
RadH [JV[JQRR IKRI S j IEH PY KIIR H FWDSK TR- M LNL LKLIFSPN 0KH I 442

Rep RIVNTjfJK 1I [ ATL----------------------- - -[ LG-EWAMM RNKM MFT SMD- N[GLSQTLSGR 4
UvrD RVVNT T T I G TI L---------------- DWRQT R DR QLTLWQA C REL L QEKA L A GR - --------- 453
RadH ASLLYMA J L [ GEKIKNALDTLATDVSCFQILKDI [Ms S KK IMLDIP-[!]KGR I VI- AD [ IS ------ IEN 506

Rep GYQA rLT RFTHWLAEIQRLAER MPIAA-iVR DlDIHG DYES W LYE TS PSPKAA MRMK [V N QL F S W M T EM 499
UvrD AASA|IL RFMELIDALAQETAD N PLHVQ TD R V IKD S GLRT i]YEQI1 G-----EKGT- - - ] IE [1L[I Ei VT 514
RadH CQLL L O STLLGGLSDLFDKLY[f LSGLK VR IILGTR M[VRKK tJSQF[EK S----- PNLL N A HK Ni I EX L KN 569

Rep L- E GWEL-------- E--E] MTLTQMJVM-R - F - TLRDM M E R ------ -- - - -G- W7SJ EEEL 548
UvrD ATRQFSYNEEID - ------------ -- -- - ----- - D MMPLQA[F L ST H----- [w V[AG- E[G QADT 549
RadH YFLALLSKS EJ S MDKEKNEAIKAAT OE AEPIENK- JI WPKWYW RNF-- F N S En[EES[E S NKDA 635

V
Rep DQ-------QLMTLNA GLEFPYV- YM VMEE FLINHQ------------------------------- Sf 582
UvrD WODA-----VQLMITILINISQAKGLEIFIPQIVI-[1V GM EEGIMF S QMS----------------------------- L 587
RadH KIKREKNGF V TIS I G A KGLE W IJVf!P G CC[I]CVFNDD KKDESEEDEEEDQENSKKDASPKKTRV L-] 707

I- VI-A
Rep IDEN0 EERR LAY GI Q- E TFTLCK E RRQYGN W CAR -- ---A AFCWSCRRLI 635
UvrD EGGR L EERR LAY V GV TRA NQ K - ILITLTYAE r RRLYGR E VYH RP - -- SR F IGELPEECV-EEVR L RA- M V 5 651
RadH VEDS I EERR MFF AQ TRA -- KY WLYLSN- VT ---V [EJDVD [P RIA SR F LTTDLIKAMSDSQK [J FES N 771

UvrD RPVSHKR- GT PMV EM NM SGYKMGM RVR HA K FGEGT iV MMEG------------ SGEH SR LQVAFQ G QGIKW 709

RadH IKKLYRIL L KK P PA E D 0 KLFS [DpJL- --[L DYNQF WE RRERMIWQGIOMNDVYGIQL [SR--NKLL[J SVSDF 838

UvrD LV F] Y-A[ rilE] SV 720
RadH TS M DQLL[E TQ 850

Figure 4: Comparison of the RadH, Rep and UvrD proteins. The identical residues are boxed. The seven consensus
domains for DNA helicases are overlined and labelled according to Hogdman (22).

The RADH coding region contains a single open reading frame of 3525 nucleotides.
The absence of the TACTAACCC sequence, thought to be a signal for RNA splicing (17)
suggests that the RADH gene does not contain introns.
There is no apparent codon bias in favor of codons corresponding to major tRNA species

7216



Nucleic Acids Research

of yeast (18) and all the 61 codons are used. Many rare codons are found in the gene,
suggesting that it is expressed at a low level.
5' and 3' flanking sequences. The RADH 5' and 3' flanking regions contain 59% and
64% A+T, respectively. The coding region contains 63% A+T. In the upstream region,
a possible TATA box is found quite far from the ATG start codon (-610). In the 3' region,
neither the consensus sequence AATAAA, which is believed to represent the signal for
poly(A)+ addition (19), nor the sequence TAG...TATGT...TTT, thought to be a
transcription termination signal (20), are found.
The RadHprotein has similarities with bacterial helicases. The RADH open reading frame
encodes a protein of 1175 amino-acids with a predicted molecular weight of 134,172 daltons.
It contains 14% acidic, 15% basic residues.
A characteristic ATP binding domain exists in positions 33-47. From position 222 to

243 four leucine residues are spaced seven residues apart. This may correspond to a 'leucine
zipper' domain. Such structures have been proposed to be involved in the formation of
homo- or hetero-dimers for DNA binding proteins (21). Thus, the RadH protein may
interact, through its 'leucine zipper' with either itself or other proteins.
A computer search in the GenBank/EMBL data bank revealed significant homologies

between the RadH protein and a number of DNA helicases. In fact, the seven consensus
motifs found in DNA helicases (22) including the ATP binding site, are present in the
RadH deduced protein. Besides these consensus regions the most significant homologies
were found with the E. coli Rep (23) and UvrD (24) proteins (Figure 4). It is striking
that the homologies with these bacterial proteins are much stronger than with the two known
yeast helicases involved in DNA repair, the Rad3 (25,26) and the Pifl (27) proteins, with
which the homologies are essentially restricted to the consensus regions (data not shown).

It should be noted that the RadH protein is larger than the Rep, UvrD, Rad3 and Pifl
proteins (134 kDa compared to 68, 75, 87 and 97 kDa, respectively) and has a C-terminal
region of about 325 amino-acids with no homology with any other known helicases.

DISCUSSION
The recessive radH mutation has the following effects: it sensitizes haploid cells treated
in the G1 phase, but not haploids treated in the G2 mitotic phase, to the killing effect
of UV. Homozygous diploids in GI are almost as UV sensitive as Gl haploids, while,
in G2 they are more sensitive than the corresponding haploids. After ganuna-ray irradiation,
haploids are not sensitized by the mutation, but diploids in GI and to a lesser extent in
G2, are sensitive. The UV-induction of mutations is depressed, contrarily to that of gene
conversion which is increased.

This phenotype is different from that of all other radiation-sensitive mutants described
in the literature, and was found to be the same in strains bearing a genomic deletion of
the RADH gene. This deletion was obtained by the replacement of the EcoRV internal
fragment (Figure 2) by the HpaI-LEU2 fragment. A Southern analysis showed that the
rearranged chromosomal structure was as expected (data not shown). The viability of the
deleted strains indicates that the gene is not essential.

Other properties of the radH mutant (unpublished results) are the following: 1) The
generation time of homozygous diploids is increased by a factor of 1.3 ; that of haploids
is unaffected. 2) The rate of spontaneous mutation is unchanged ; the rate of spontaneous
gene conversion is increased by a factor of about 10. 3) The sporulation and the frequency
of meiotic gene conversion are unaffected but the spore viability is reduced by about 50%.
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Our interpretation of the results concerning UV-lesions is the following: the radH
mutation leads to a channelling into a recombination pathway of lesions engaged in the
mutagenic repair process. The data in favor of the implication ofRADH in mutagenic repair
are: 1) the suppression by the mutation of the G2 UV-sensitivity of both rad]8 and rad6
mutants (data not shown) which belong to the error-prone epistatic group of mutants;
2) the decrease in induced mutagenesis seen in radH cells. The hypothesis of channelling
into a recombinational pathway is based on the G1 sensitivity and G2 resistance of haploids:
GI cells cannot perform recombinational repair because of the lack of homologous
molecules, while in G2, recombination between sister-chromatids can occur. The
suppression of the G2 resistance of radH cells by the rad5O mutation shows that
recombination is indeed involved.
The RADH gene may be the srs2 gene (28). Mutations in these two loci were found

to map very close to each other. They partially restore the radl8 and rad6 UV sensitivity
and are in this respect semi-dominant. The main differences are the absence of effects
of the SRS2 mutation in RAD+ cells, and the absence of diploid sensitization by the
homozygous SRS2 mutation. The dominance of the mutations in the rad]8 diploids prevents
doing complementation tests and it is not yet established whether or not srs2 and RADH
are one and the same gene.
The potentially mutagenic or recombinogenic structures are believed to be the same

(29,30), i.e. a single-stranded region containing a pyrimidine dimer, resulting from the
excision of a dimer in the opposite strand. Such a lesion could be processed by either
the recombinogenic or the mutagenic system. In the radH mutant, the processing of those
lesions engaged in mutagenic metabolism would be blocked and the resulting structure
would be an unusual substrate for recombination proteins.
However, if recombination between sister-chromatids is successful, the events involving

homologous chromosomes appear to be lethal: GI diploids are as sensitive as GI haploids,
and the cells are deficient for induced mutagenesis but not recombinogenesis. It should
be clear that, in our interpretation, the metabolism of the lesions engaged from the start
in the recombination system is not affected by the radH mutation. The lethal recombination
events are those initiated by the structures resulting from the deficiency in mutagenic repair.

In S. cerevisiae, two DNA helicases involved in DNA repair are known. The Rad3
protein is a non-essential helicase (31) involved in pyrimidine dimer excision. The nuclear
PIF] gene encodes a putative DNA helicase involved in recombination, repair and stability
of mitochondrial DNA (27). The comparison of the properties of the rad3, pif] and radH
mutants strongly support the view that the 3 gene products are not functionally related.
The RadH putative helicase appears to belong to the error-prone repair machinery and
not to be involved in other repair processes, at least for UV lesions. It may act in association
with the Rev3 protein, known to be the DNA polymerase involved in error-prone repair (32).

Besides the consensus regions found in DNA helicases, the RadH protein does not share
strong homologies with the yeast Rad3 and Pifl proteins but presents similarities with
the Rep and UvrD helicases of E. coli. The properties of the rep and UvrD genes are
however not reminiscent of those of radH cells. A characteristic of the RADII gene product
is its higher Mr compared to those of other helicases and notably a carboxy-terminal region
beyond the consensus domains containing no homology with other helicases.
The protein domains outside the consensus regions are likely to be involved in the in

vivo specificity of the different helicases by allowing defined protein-protein interactions.
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